The utilisation of ethanol-waste cooking oil (Eth-WCO) mixtures for the production of valuable chemicals has been considered. The study investigated the potential of synthesised HZSM-5 in the conversion of ethanol-oil mixtures to fuel-range hydrocarbons. HZSM-5 catalyst material was successfully synthesised and characterised and activities were tested in a fixed-bed reactor unit at temperatures of 400°C and 450 °C with a fixed weight hourly space velocity of 2.5 h-1 at atmospheric pressure. The synthesised catalyst had total surface area greater than 250 m2/g. From the catalyst activity test, it was observed that up to 93% conversion was achieved on the synthesised catalysts. The conversion product was rich in aromatic compounds such as p-xylene, toluene and naphthalene that have potential as feedstock in the chemical and petrochemical industries. The FeZSM-5 catalyst material had a generally higher percentage composition of p-xylene content, peaking at 30% at 400°C for pure waste cooking oil feedstock. Potential catalysts for bio-aromatics production from ethanol-waste cooking oil mixtures have been successfully synthesised and evaluated.
as feedstock for fuel and petrochemicals production (Perego and Bosetti 2011; Botas et al. 2012; Xu et al. 2016) . Biomass derived products have been developed in an attempt to reduce the carbon footprint of the fossil fuel usage, with the transportation sector benefiting from the use of biofuels. First generation biofuels such as ethanol and biodiesel are the major contributors in this regard (Ong and Bhatia 2010; Perego and Bosetti 2011; Botas et al. 2012 ). According to researchers Xu et al. (2016) and Shimada et al. (2016) , there are several drawbacks related to first generation biofuels (biodiesel from transesterification process and bioethanol) which have spurred the growth of drop-in alternative fuels from the upgrade of biomassderived feedstocks through processes such as catalytic fast pyrolysis, hydrocracking and catalytic cracking. Work done to upgrade ethanol or plant-based oil over acidic catalysts such as the ZSM-5 zeolite catalyst has led to an organic liquid product with a greater aromatic selectivity (Botas et al. 2012 ; Galadima and Muraza 2015; Kadrmas et al. 2015) .
Interest in the valorisation of oxygenates such as ethanol to hydrocarbon has been on the rise because these compounds can be efficiently generated from biomass resources via thermochemical and/or biochemical pathways with the maturity of cellulosic ethanol production expected to increase the availability of such resources (Galadima and Muraza 2015) . The co-processing potential of renewable liquid biofeedstocks has been identified, partly due to some similarity in the intermediate mechanisms in the catalytic upgrade of ethanol, pyrolytic oils, and triglycerides, with the study by Wang et al. (2015) as an example. The study looked at the conversion of ethanol and model bio-oil compounds over metal modified HZSM-5, with product selectivity being highly aromatic and olefinic in nature (Wang et al. 2015) . The presence of ethanol in the co-cracking process was said to aid in the process, with the provision of surplus hydrogen from the cracking of ethanol acting as a donor for the hydrogen transfer reactions characteristic of acidic zeolite catalysts, leading to a highly aromatic yield (Wang
Introduction
Rapid growth in both global energy demand and carbon dioxide emissions associated with the use of fossil fuels has increased the adoption of renewable carbon alternative sources with a lower environmental footprint Maneffa et al. 2016) . The aim of the present work is to investigate the feasibility of converting ethanol-waste cooking oil (Eth-WCO) mixtures into hydrocarbons, which could be applied in the preparation of both chemicals and fuels, by using bi-functional iron and nickel doped HZSM-5 catalysts.
Methods

Materials and catalyst preparation
Waste cooking oil (recovered used cooking oil from fast food restaurants) was supplied by a local collector. Aluminium nitrate, sodium silicate, tetra-propyl ammonium bromide, nitric acid, ammonium nitrate, nickel nitrate, iron nitrate and ethanol of technical grade to be used in the catalyst preparation were supplied by a local supplier of Sigma Aldrich quality. The steps taken during the synthesis were as follows: gel preparation, aging, hydrothermal treatment, product recovery (vacuum filtration), drying, calcination, protonation, and promotion. The aluminosilicate catalyst was prepared by hydrothermal crystallisation under autogenous pressure with an aging period of 24 hrs and a set crystallisation time of 48 hrs at a temperature of 170°C (Yaripour et al. 2015) . A smooth homogeneous gel with a pH range of 10.6 -11, was prepared from the catalyst starting material, and the contents transferred to Teflon lined stainless steel autoclaves to age before the crystallisation period commenced. The solid material (washed under vacuum filtration) from the crystallisation step was dried at 110°C for 12 hrs, calcined in air in a muffle furnace at 500°C, and protonated with a 1M ammonium nitrate solution (10% solid content) under reflux before the addition of the promoter metals. Incipient wetness impregnation was used to dope the synthesised catalyst with the metal promoters (Fe and Ni) (5% w/w) using nitrate precursor, before the catalyst was calcined in air and stored ready for testing. The hydrothermally synthesised material produced was subjected to a number of characterisation techniques to determine its physicochemical properties.
Catalyst characterisation
The hydrothermally synthesised crystalline material was subjected to a number of characterisation techniques to determine its physicochemical properties. XRD patterns were recorded on an automated BRUKER AXS diffractometer using Cu-Kα (1.5406 Å) radiation in the range of 3° ≤ 2θ ≤ 89.9° with a step size of 0.0034° and counting time set at 96s. The BET surface area, micropore specific area and volume (t-plot model) were determined from nitrogen adsorption/desorption with analysis done using a Micromeritics Tristar II 3020 apparatus. The morphological structure of the synthesised materials was studied under a FEI Nova NanoSEM 230 field emission gun using high resolution immersion lens. The approximate elemental composition of the Si/Al ratio as well as the presence of promoter metals was determined using the Oxford X-max Energy Dispersive X-ray Spectrometry detector.
Catalyst activity
The developed solid acid catalyst activity was determined by testing over a fixed bed reactor unit with a catalyst loading of 0.5 g supported on quartz wool in a heated electric furnace for temperatures of 400 °C and 450 °C, at atmospheric pressure. Figure 1 shows the schematic of the experimental set-up used for the catalyst activity tests. Gas Chromatography-Mass Spectrometry (GC-MS) analysis on a GCMS-QP2010 Ultra Shimadzu apparatus was carried out in a 30 m × 0.25 mm × 0.25 μm DB-5MS column, using the following thermal program: 50 °C for 5 mins, followed by heating at 4 °C min -1 up to 280 °C before holding the temperature constant for a further 5 mins. The helium flow rate for the carrier gas was set at 0.9 ml min -1 , with a split ratio of 70 and the injector and detector temperature set at 250 °C. Peak identification by GC/MS analysis was based on comparison with data from the NIST library with major aromatics of petrochemical interest such as benzene, toluene, xylene and naphthalene confirmed from a standard mixture containing some of these compounds.
Results and Discussion
Catalyst characterisation
The XRD patterns generated for the synthesised and modified HZSM-5 catalysts showed the characteristic MFI phase of orthorhombic nature with 2θ peaks positions at 7-9° and 23-24° for all catalysts used, as shown in Figure 2 (van Koningsveld et al. 1990 ). The introduction of metal promoters did not alter the MFI phase, however it altered the relative crystallinity, with the parent catalyst (ZSM-5) taken as the reference sample. Calculations at the characteristic peaks show nickel and iron catalyst relative crystallinity reduced to 90% and 88% respectively. Figure  3 shows the SEM micrographs obtained for the catalysts with a regular agglomerated sheet-like crystal morphology observed at a magnification of 10000X. Energy dispersive spectrometry analysis used to approximate the elemental composition showed a Si/Al ratio of 38 had been achieved against a synthesis target ratio of 50 and the presence of metals was also observed. The approximate elemental analysis as performed by the EDS technique showed that an iron (Fe) content of 1.24% and a nickel (Ni) content of 2.28% were observed against a target of 5% doping for the catalyst material.
A highly microporous surface area, in comparison with the external surface area, was seen for all catalyst material as tabulated in Table 1 hydrocarbons. As can be seen from Table 2 the introduction of metal promoters lowered the liquid product yield from the highest recorded value of 50% for the parent HZSM-5 to 44% for the NiZSM-5 and 40% for FeZSM-5 at 400 °C for pure waste cooking oil conversion. The shape selective nature of the developed microporous catalyst material had an influence on the product composition, with the bulk of the analysis showing the highly aromatic product distribution expected of the zeolite catalyst. In most instances the lower reaction temperature of 400 °C favoured the production of monoaromatics whereas at 450°C the amount of polyaromatics increased. The transformation of Eth-WCO mixtures yielded valuable aromatic products of interest to the petrochemical industry such toluene, p-xylene and naphthalene.
The influence of the metal promoters in the product variations suggest contributions of the hydrogen transfer capabilities of these transition metals leading to increased aromatisation. FeZSM-5's influence was noticeable in the selectivity towards toluene and p-xylene as shown in Figure 4 and 5 respectively, which could be useful in the production of petrochemical feedstock. FeZSM-5 had generally very high values of toluene and p-xylene in comparison to the parent HZSM-5 and NiZSM-5. A product that could be of high interest in the petrochemical industry is p-xylene -a precursor for terephthalic acid production. Terephthalic acid is a monomer used to make polyethylene terephthalate (PET) for the production of fibres and beverage bottles. At a temperature of 450 °C NiZSM-5 produced higher values of naphthalene ( Figure 6 ) and its derivatives (Figure 7) showing the influence of enhanced hydrogen transfer activity as a result of the introduction of this transition metal. The highly aromatic nature of the organic liquid product (OLP) with products of industrial interest such as substituted benzene derivatives (toluene, xylene etc.) is interesting as there may be applications as a fuel octane enhancer or chemical precursor augmenting the current supply from fossil fuels with possible environmental benefits. The increased external surface area contribution for Fe-ZSM-5 as well as the suggested dispersion of the metal may have played a part in the external surface area, suggesting the contribution of welldispersed, small, and numerous metal crystallites on the external surface.
Feed and product analysis
The nature of the waste cooking oil feedstock with the expectation of high free fatty acid components necessitated that before analysis with GC-MS, a derivatisation step was performed with methanol to reduce their polarity and make them more amenable for analysis. The main constituents of the waste cooking oil obtained using GC-MS analysis were: 1-(+)-Ascorbic acid 2,6-dihexadecanoate (ester) 23.55%, Octadec-9-enoic acid (oleic acid) 51.44%, Octadecanoic acid (stearic acid) 3.67%, Hexadecanoic acid, 2-hydroxy-1-ethyl ester 4.60%, Octadecanoic acid (Z)-, 2,3-dihydroxypropyl ester 11.01%, with other components making up the remaining 5.73%.
The test activity results (summarised in Table 2 ) show the product distribution based on functional group classification (monoaromatics, polyaromatics, oxygenated hydrocarbons, cycloalkene and alkanes), as well as yield, and conversion results for all the catalyst material. High conversions were obtained with values not less than 93% seen for all experiments. Calculations were performed based on equation 1 which relates the presence of Eth-WCO components in the product to feed constituents determined from the GC-MS analytical data. Compounds present in both the feed and the reactants were considered unconverted. Despite the high conversion witnessed throughout, some of the products were oxygenated hydrocarbons which may be undesirable in fuel application.
In this study, analysis was limited to the organic liquid product yield, calculated using equation 2, and from Table  2 it can be observed that with increasing waste cooking oil content in the mixture there was a linear increase in liquid product yield. The influence of temperature change is noticeable for all catalyst material. A decrease in liquid product yield with an increase in temperature from 400 °C to 450 °C, can possibly be explained in terms of enhanced secondary cracking reactions of gaseous lower 
Conclusion
Successful synthesis and doping of zeolite ZSM-5 was achieved, with XRD characterisation proving the presence of the zeolite material phase (MFI) and with the presence of metal proven from the EDS results. In the current study the influence of zeolite ZSM-5 on the conversion of ethanol-waste cooking oil mixtures is proven with product distribution leaning towards a high aromatic based organic liquid product. The modification with metal promoters reduced the yield, however the catalyst FeZSM-5 increased selectivity towards monoaromatic hydrocarbons such as toluene and xylene. 
